Abstract Temporal variability of diapycnal mixing over 7 months in the northern South China Sea was examined based on McLane Moored Profiler observations from 850 to 2200 m by employing a finescale parameterization. Intensified diffusivity exceeding the order of 10 23 m 2 /s in magnitude was found over the first half of October 2014, and from 2 December 2014 to 21 January 2015 (a typical wintertime). Strong internal tides and winds in winter were the likely candidates for the high-level diapycnal mixing in winter.
Introduction
Turbulent mixing can modify the properties of water masses, maintain ocean stratification and drive the global thermohaline circulation [Munk and Wunsch, 1998; Ganachaud and Wunsch, 2000; Wunsch and Ferrari, 2004] . The South China Sea (SCS) is one of the largest marginal seas in the northwestern Pacific, featuring highly energetic internal tides and high-frequency nonlinear internal waves [e.g., Zhao et al., 2004; Jan et al., 2008] , as well as a complex topography. It has received increasing attention as a ''hotspot'' for turbulent mixing studies in recent years. Turbulent mixing in the SCS essentially drives the water exchange between the SCS and the Pacific and hence influences the SCS deep circulation [Qu et al., 2006; Zhou et al., 2014] .
Almost all existing studies about turbulent mixing in the SCS, however, focused on its spatial structure in limited areas, such as near the Luzon Strait [Tian et al., 2009; Alford et al., 2011; Buijsman et al., 2012] , around Dongsha Island [St. Laurent, 2008; Klymak et al., 2011; Xu et al., 2012] , and over the shelf of the northern SCS [Liu and Lozovatsky, 2012; Yang et al., 2014] . In the northern SCS, the dissipation rate at north of 208N was more than twice of that to the south [Liu and Lozovatsky, 2012] , and turbulent mixing was an order of magnitude larger over the shelf than over the slope . There was enhanced diffusivity in the deep waters of the Luzon Strait related to barotropic tides resonating between two ridges Buijsman et al., 2012] . Across the Luzon Strait along 218N (the magenta dashed line in Figure 1a ), mixing beneath 1000 m on the SCS side was 2 orders larger than that on the Pacific side [Tian et al., 2009] . High dissipation rate was also found east of Dongsha Island and over the shelf break region northeast of Dongsha Island [St. Laurent, 2008] . Near Dongsha Island, the arrival of internal solitary waves elevated dissipation rate and diapycnal diffusivity by 3 orders of magnitude, which quickly returned to normal after the internal solitary waves passed by Xu et al. [2012] . Turbulent mixing in the SCS was studied using highly patched data in space until very recently [Sun and Wang, 2016; Yang et al., 2016] , which presented three-dimensional distributions of turbulent mixing in the upper 500 m and in the full depth of the SCS, respectively, based on microstructure observations and finescale parameterization. Turbulent mixing is more active in the northern SCS than in the southern SCS, and is more active in the eastern SCS than in the western SCS, with two mixing ''hotspots'' in the bottom waters of the Luzon Strait and Zhongsha Island Chain area [Yang et al., 2016] .
We know much less about temporal variability of turbulent mixing in the SCS, with a few observations lasted for only several days Sun and Wang, 2016] . There was no report on monthly or seasonal variability of turbulent mixing in the SCS to our knowledge. Understanding temporal variability of turbulent mixing is of great importance for improving numerical model representation and prediction of large-scale water masses and ocean circulations [Wunsch and Ferrari, 2004; Saenko and Merryfield, 2005 The goal of this study is to present the temporal variability of turbulent mixing over 7 months in the northern SCS based on McLane Moored Profiler (MMP) observations and a finescale parameterization method. The paper is organized as follows. The detailed descriptions of the data and method are presented in section 2. The temporal variability of turbulent mixing is given in section 3, followed by discussion and summary in section 4. Figure 1a ) using the MMP, which autonomously profiled the water column along a fixed tether with a smooth, steady ascent, or descent speed of 0.25 m/s. It carried an SBE 52-MP CTD and an FSI 3D ACM to collect time series of hydrographical variables. Conductivity, temperature, and pressure were sampled at 1 Hz, and horizontal velocity was sampled at 2 Hz. It took 1.5 h for collecting each profile with preset shallow and deep pressure stops at 850 and 2200 m, respectively. The deep pressure stops became slightly shallower after 22 March 2015 due to low battery ( Figure 1b) . The time interval between adjacent profiles was about 11 h.
Data and Method

Finescale Parameterization Method
The Gregg-Henyey-Polzin (GHP) parameterization is based on the internal wave-wave interaction theory [Gregg et al., 2003] , through which the dissipation rate e can be expressed in terms of shear and strain when temperature, salinity, and velocity data are available [Kunze et al., 2006] . The calculations are as follows:
where e 0 5 6.73 3 10 210 W/kg, f is the Coriolis frequency, N is the buoyancy frequency, f 30 5 f(308),
is the ratio of shear variance versus strain variance. To quantify shear À Á is the shear spectral correction with Dh 1 and Dh 2 representing the vertical bin sizes for velocity profile and shear/strain profile, respectively [Kunze et al., 2006; Thurnherr, 2012] . The minimum wavenumber k 1 is defined as the reciprocal of the record length being analyzed; and the maximum wavenumber k 2 is determined as a wavenumber at which the ratio of measured shear spectrum to shear noise spectrum is 3 [Naveira Garabato et al., 2004] , which mostly stays around 0.1 rad/m. The GM model shear variance used to normalize the observed shear variance was computed over the same wavenumber band GM hV
2 , where k zÃ 5pj Ã N=bN 0 ; j Ã 5 3, b 5 1300 m, and E 0 5 6.3 3 10 25 [Gregg and Kunze, 1991; Kunze et al., 2006] .
Strain is computed using n z 5 hz2hz hz
, where h z is the potential temperature gradient, and h z is its mean value based on a quadratic fit to each segment. Then, hn z 2 i is obtained by integrating corrected strain spectrum over the same wavenumber band as calculating hV z 2 i using hn
is the strain spectral correction [Kunze et al., 2006] . The diapycnal diffusivity can be expressed in the form of K5Ce=N 2 , where C is mixing efficiency and typically taken to be 0.2 [Osborn, 1980] . This temporal variability of diapycnal diffusivity was independent of local stratification, which varied only slightly during the whole study period (Figure 2d ). Similar results were found in other areas, such as in the Kuroshio extension region [Jing and Wu, 2014] , where there was pronounced seasonal variability of diapycnal mixing with depth extending to more than 1000 m. 4. Discussion and Summary
Temporal Variability of Turbulent Mixing
Internal Tide
Given that the intensive diapycnal mixing in the Luzon Strait and SCS is mostly due to the high energetics of internal tides in the region [Alford et al., , 2015 Klymak et al., 2011] , the time series of barotropic tidal currents derived from TPXO7 [Egbert and Erofeeva, 2002] (http://volkov.oce.orst.edu/tides/) was subtracted from the measured velocity first, to obtain the baroclinic tidal currents [Liang, 2014] . Then, the frequency spectra of baroclinic tidal current data were examined to determine the main tidal components. Figure 3 shows the spectrum of baroclinic tidal current at 868 m, which indicates that there were two dominating tidal constituents, diurnal and semidiurnal tides. The semidiurnal signal was near the frequency of 0.2 cpd due to the frequency aliasing caused by the sparse temporal resolution of the data [Ray and Mitchum, 1997] . A simple band-pass filtering of baroclinic tidal current was employed to obtain the diurnal and semidiurnal internal tides, by choosing the frequency band of 0.87-1.03 x K1 for the diurnal tide and of 0.7-1.35 x M2 (aliased frequency of M 2 tide) for the semidiurnal tide. The frequency bands used in band-pass filtering are shown as yellow shadings in Figure 3 .
Figures 4a and 4b show the shear variances of diurnal and semidiurnal internal tides, and Figure 4c shows their sum. During the whole observation period, the shear variance of internal tide was mainly confined above 1500 m, with big contribution coming from the diurnal internal tide. The shear variance of internal tide was strong from December 2014 to 15 January 2015, while it remained smaller than its mean value after 15 January 2015 (Figure 4d) . Liu et al. [2015] also observed enhanced internal tides in winter near the Luzon Strait, which was 1.6 times as large as that in spring, and they considered both Kuroshio intrusion and nonlinear interaction of internal tides contributed to the strong internal tides in winter near the Luzon Strait. The strong internal tides in winter are a likely candidate for the high-level diapycnal diffusivity in winter.
Near-Inertial Waves Related to Wind
The near-inertial waves were derived with the help of band-pass filtering around the frequency band of 0.85-1.15 f (Figure 3 ). Figure 5 shows the shear variance of near-inertial waves, which was generally on the same order as that of the internal tides in magnitude. It was large in the first half of October 2014 and from November 2014 to January 2015, which roughly corresponded to the occurrence of high diapycnal diffusivity.
To identify the origins of the near-inertial shear variance, we analyzed its propagating direction. The timeaveraged rotary wavenumber spectra of near-inertial shear variance during the whole observation period exhibited dominant clockwise rotation (over counter-clockwise rotation) at wavenumbers smaller than 0.06 rad/m (Figure 6 ), which was associated with downward near-inertial energy propagation. Thus, the nearinertial shear variance was mainly furnished by the wind for the whole period.
To confirm the relation between diffusivity and surface wind, the PWP model [Price et al., 1986] was used to calculate the wind-input near-inertial energy flux as that no surface current measurements were available. The 6-hourly surface heat fluxes, surface wind, and precipitation data from the NCEP/NCAR reanalysis data 
Near-Inertial Waves Related to Mesoscale Eddies
There was, however, a mismatch in the changes of diffusivity and near-inertial energy flux in October 2014, which indicates the intensified mixing in October 2014 was not caused by wind alone ( Figure  7c ). The rotary wavenumber spectra of near-inertial shear in October 2014 ( Figure  8a ) exhibited dominant counter-clockwise rotation (over clockwise rotation), which was associated with upward propagation of near-inertial energy. The bottom topography near the station varied sharply with many featured topographic hills (Figure 8c) . Meanwhile, the station was always in or at the periphery of warm eddies during the period of high-level mixing occurrence in October 2014 (Figure 8b ). These suggested the generation of near-inertial waves near the bottom, which was likely due to the interaction of mesoscale eddies and unique bottom topography [Marshall and Naveira Garabato, 2008; Ferrari, 2010a,2010b; Liang and Thurnherr, 2012; Sheen et al., 2013] . Here, two processes were involved, one being the lee wave generation through the interaction of background flow and topography, and the other the generation of near-inertial waves by the interaction between lee wave and background flow. topography data, Figure 8d shows the one-dimensional topography spectra along the zonal and meridional sections crossing the station, which indicates the topography around the station had horizontal scale within the characteristic lee wave radiation range (the yellow shading in Figure 8d ).
Second, the steepness parameter a5
NhT U0 controls the degree of nonlinearity of the waves, where h T 5 65 m is the root mean square height of topography in the radiative wavenumber range. During October 2014, the value of a remained between 0.3 and 0.7 (Figure 9b ). When a is smaller than 0.3, internal waves can radiate out in the form of stationary lee waves, with the inertial oscillations growing slowly, which results in low mixing rate above topography. When a is between 0.3 and 0.7, a resonant feedback between background flow and lee wave can occur, and nearinertial waves grow rapidly, which have strong vertical shear, resulting in enhanced wave breaking and high mixing diffusivity above the topography [Nikurashin and Ferrari, 2010a] , which was what likely occurred during October 2014.
We also compared the WKBnormalized mean shear variances of diurnal and semidiurnal internal tides with that of nearinertial waves during October (Figure 10) , which illustrates the nearinertial shear variance was intensified in the deep ocean and was about twice as large as those of diurnal and semidiurnal internal tides. This also supports our inference that the high-level mixing in October 2014 was closely related to the near-bottom nearinertial waves through the interaction of mesoscale eddies and unique bottom topography.
Summary
Seven month temporal variability of diapycnal mixing in the northern SCS was examined using the MMP observations from 850 to 2200 m by employing a finescale parameterization. Intensified diffusivity exceeding the order of 10 23 m 2 /s in magnitude occurred over the first half of October 2014, and from 2 December 2014 to 21 January 2015 (a typical wintertime). The strong internal tides and winds in winter were the likely candidates for the high-level diapycnal mixing in winter. The high diffusivity values during October 2014 might be caused by the generation of near-bottom near-inertial waves through the interaction of mesoscale eddies and unique bottom topography. Because our results do not include observations in summer, we cannot provide a more complete picture on seasonal variability of turbulent mixing in the SCS until more data become available.
